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Demonstration of  the Aging Effects of  Sorbed Plutonium Complexes on Savannah River Site Sediments 
 Hilary P. Emerson and Brian A. Powell 
 Clemson University, Department of  Environmental Engineering and Earth Sciences 
There have been many studies in the past noting that the reversibility of  sorption for 
actinide elements decreases over time as the sorbed complexes age (Kaplan, et al., 2004; 
Missana, et al., 2004; Tinnacher, et al., 2011).  This leads to theoretical problems as 
equilibrium Kd values (partition coefficients) are assumed to be linear, reversible values 
and are often used in transport and risk assessment models.  In addition, further studies 
have suggested that groundwater constituents like natural organic matter (NOM) can 
play a role in mobilizing actinide elements (McCarthy, Czerwinski, et al., 1998; 
McCarthy, Sanford, et al., 1998). 
      The sediments used in these experiments were source materials remaining from an 
11 year lysimeter experiment completed at the Savannah River Site 21 years ago (now 
aged in the presence of  239/240Pu for 32 years) with major characteristics shown in 
Table 1 below.  The source sediments contain 960,000 cpm/g (6 µg/g) of  239/240Pu.  
These lysimeters reported very little movement of  plutonium, greater than 95% within 
1.25 cm of  the source, within the unsaturated columns exposed to the elements for 11 
years with the previous experiment’s setup shown in Figure 1 below. 
 
Relevant Background 
  Objectives   
Desorption Experiments 
 Kd values were not statistically different for desorption of  different ligands and different 
concentrations after plutonium complexes had aged for 32 years on SRS sediments 
 Kd values were not correlated to changes in concentration of  ligands 
 Kd values were not statistically different for desorption over 7 days versus 28 days after 
plutonium complexes had aged for 32 years on SRS sediments 
 Average desorption Kd 51000 ± 40000 mL/g (or  removal of  0.15 ± 0.17%) 
 
 While the error within these measurements is large, it is remarkable that the values are 
within an order of  magnitude of  one another based on the diverse suite of  ligands under 
investigation.  Based on previous sorption experiments with similar ligands,  it is also 
notable that such a small fraction of  the aged plutonium complexes desorbed from the 
sediments. 
 
Selective Iron Extractions 
 After the 3 day sorption/desorption period, 97.9 ± 2.1% of  the 242Pu and 99.95±0.05%of  
the 239/240Pu was sorbed. 
 Solid phase total iron and amorphous iron extractions showed a significant fraction of  
plutonium associated with the iron phases: 22 ± 2% of  the 239/240Pu (14 ± 1% with the 
amorphous iron oxides and 8±3% with the crystalline iron oxides) and 91 ± 14% of  the 
242Pu being associated with the total free iron fraction of  the soil . 
 
 The sorption of  the  plutonium isotopes is fast  with 97.9 ± 2.1% of  the 242Pu  being sorbed 
after just 3 days of  exposure to the SRS sediments in the presence of  a variety of  ligands.  
Previous studies have  attributed enhanced transport of  plutonium to the presence of  
organic ligands like NOM (McCarthy, Czerwinski, et al., 1998; McCarthy, Sanford, et al., 
1998; Novikov, et al., 2006).   However,  the 3-day-old plutonium complexes are not sorbed 
nearly as strongly as the 32-year-old complexes.  This is demonstrated by the selective iron 
extractions.  While it is likely that the 242Pu and 239/240Pu are being mobilized by the specific 
conditions of  the iron extraction solutions rather than being specifically associated with the 
iron fractions, it is clear that more of  the 242Pu (3 day exposure) is removed than the 
239/240Pu (32 year exposure).  It is also notable that the organic and inorganic ligands did not 





 Source materials are to be analyzed by nanoSIMS to confirm that plutonium is strongly 
associated with iron oxide minerals within the sediments.  NanoSIMS analyzes the 
secondary ions emitted as a sample is analyzed by an electron microscope by mass 
spectrometry.  The method will be capable of  measuring iron and plutonium simultaneously 
down to ppb levels. 
 
Summary and Implications 
Results: Batch Sorption/Desorption 
Experiments  
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Results: Alpha Spectroscopy Experimental Methods 
Parameter Subsurface Clayey Sediment 
Sand/Silt/Clay (% by weight) 71/10/19 
Mineralogy Kaolinite>Goethite>Hematite>Gibbsite> Vermiculite 
Equilibrium pH 6.3 
Point of  Zero Charge pH 5.1 
Organic Carbon Content (% by weight) <0.01 
Surface Area (m2/g) 13.1 
Table 1: Characteristics of  SRS sediments used in this work 
Further Investigation 
(Kaplan, et al., 2006) 
Acknowledgements 
Figure 1: Schematic diagram of  the lysimeter setup for previous 11 year study at SRS  
(source materials aged in the presence of  239/240Pu salvaged for these experiments) 
Measurement of  Desorption Kd’s for Plutonium on Savannah River Site 
Sediment after 32 years in the Presence of  a Variety of  Ligands 
 
Batch Desorption Experiments 
Desorption Kd’s evaluated by batch desorption experiments over 7 and 28 days in the presence of  
each of  the organic and inorganic ligands below.  Kd values compared with those measured  
previously at the Savannah River Site for plutonium sorbed over 33 days on clean sediments. 
 
Sample Conditions 
  3 mL total volume 
  47.9 ± 0.4 g/L sediment suspension  
  pH 6.4 ± 0.4 
  239/240Pu 960,000 cpm/g (6 µg/g) 
  Variable organic and inorganic ligands and concentrations: 
 NaCl, CaCl2, Na2PO4, or NaF from 0.1 to 10 mM 
 Citric Acid, Suwanee River Fulvic Acid, or DFOB from 0.05 to 5 mgcarbon/L  
 Or H2O2 from 0.01 to 1% (3 to 300 mM) or NH2OH.HCl at 1 mM 
  7 and 28 day equilibration periods 
  Centrifugation and filtration for determination of  aqueous fraction of  plutonium (<450 nm, 








Selective Iron Extractions 
Selective iron extractions were performed following a 3-day, dual isotope sorption (242Pu) and 
desorption (239/240Pu) experiment.  Samples were prepared in duplicate with one of  each for the 
highest concentration of  each ligands mentioned with one being analyzed for total iron and one 
for amorphous iron.  Aqueous phases were analyzed for both isotopes as described below before 
removal and drying of  sediments for extractions. 
 
Sample Conditions 
  5 mL total volume 
  69.7 ± 1.4 g/L sediment suspension 
  239/240Pu 6 µg/g 
  242Pu 0.062 ± 0.01 µg/g [added as 103±3% Pu(V)] 
  Each sample spiked with one of  the following organic or inorganic ligands: 
 NaCl, CaCl2, Na2PO4, or NaF at 10 mM 
 Citric Acid, Suwanee River Fulvic Acid, or DFOB at 5 mgcarbon/L  
 Or H2O2 at 1% (300 mM) or NH2OH.HCl at 1 mM 
  7 and 28 day equilibration periods 
  Centrifugation and filtration for determination of  aqueous fraction of  plutonium (<450 nm, 
<100 nm, and dissolved) 
 
Selective Extraction for Total Iron: Citrate Bicarbonate Dithionite Method 
1. ≈0.5 grams of  dry soil mixed with 40 mL of  0.3M  sodium citrate and 5 mL of  1 M sodium 
bicarbonate in a 100 mL polypropylene centrifuge tube 
2. Solution heated to 75 - 80ºC 
3. Add 1 gram of  sodium dithionite and mix intermittently for 10 minutes 
4. Add 10 mL of  NaCl to promote flocculation and centrifuge to remove particulates 
5. Repeated due to persistence of  reddish brown coloring in soil 
 
Selective Extraction for Amorphous  (“Active”) Iron 
1. ≈0.5 grams of  dry soil mixed with 30 mL of  pH 3 ammonium oxalate (0.175 M ammonium 
oxalate + 0.1 M oxalic acid) in a light-proof  50 mL polypropylene centrifuge tube 
2. Allow to mix for 2 hours on rotary shaker 
3. Centrifuge to remove particulates 
(Sparks, et al., 1996) 
 
Detection Methods 
Aliquot removed from the aqueous phase for analysis by  Inductively Coupled Plasma Mass 
Spectrometer (ICP-MS) in 2% HNO3 for detection of  242Pu and for analysis by liquid scintillation 
counting (LSC) in Ultima Gold AB liquid scintillation cocktail on the TriCarb liquid scintillation 
counter for detection of  239/240Pu by alpha activity. 
Select samples analyzed  by alpha spectroscopy using the Eichrom cerium microprecipitation 
method to confirm that alpha activity measured by LSC is due to 239/240Pu isotopes and not 
daughter products.  A tracer isotope (238Pu) was used to determine method efficiency for alpha 
spectroscopy preparation. 
 
Demonstration of  the Irreversibility of  Plutonium  Sorption Over Time on  
Savannah River Site Sediment through Selective Iron Extractions 
The objective for this study was to demonstrate  the effects of  aging of  plutonium complexes 
on a Savannah River Site sediment through desorption and selective iron extraction 
experiments with dual isotopes  in the presence of  a variety of  organic and inorganic ligands 
to demonstrate changes in freshly sorbed plutonium versus aged plutonium complexes.   
Hypotheses 
While the re may be some differences between the desorption of  the aged plutonium 
complexes in the presence of  the different ligands, the ligands are not expected to desorb a 
significantly different fraction because of  the  strength of  the  sorbed plutonium complexes 
after aging for 32 years on the sediments.  The selective extractions may be significantly 
different for the 3 day versus the 32 year complexes because the 3 day complexes are sorbing 
in the presence of  a variety of  organic and inorganic ligands and may, therefore, associated 
with different iron fractions. 























































































































































































































Figure 1: Kd’s for 7 and 28 day batch desorption experiments for 239/240Pu aged for 32 years on 
SRS sediment for 47.9 ± 0.4 g/L suspensions for a variety of  ligands at a pH of  6.4 ± 0.4 
Kd 51000 ± 40000 mL/g 
Fraction 239/240Pu Aqueous 0.15 ± 0.17% 
Fraction of  Aqueous as Colloids* 85 ± 20% 
Table 1: Summary of  Results of  Desorption Experiments 
* Fraction as Colloids determined by difference of  sample centrifuged to remove particles > 450 nm and 





























Total Free Iron 
239/240 Pu
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Figure 2:  Results of  selective extractions for total iron and amorphous iron for 
239/240Pu at 6 µg/g aged for 32 years on SRS sediments  
*Crystalline fraction determined by difference as major iron components assumed to be amorphous and crystalline iron oxides 
Figure 3:  Results of  selective extractions for total iron and amorphous iron 
for 242Pu at 0.06 ± 0.006 µg/g aged for 3 days on SRS sediments  
Figure 4:  Comparison of  results of  selective extractions for total iron for 
239/240Pu at 6 µg/g aged for 32 years and 242Pu at 0.06 ± 0.006 µg/g aged for 
3 days on SRS sediments  
Figure 5:  Results of  alpha spectroscopy of  aqueous from 
batch desorption experiments, results show only two 
major peaks from alpha particle emission at energies for 
239/240Pu and 238Pu   
 238Pu added as a method recovery tracer 
 
 Alpha spectroscopy completed to confirm 
that alpha activity measured by LSC is not due 
to naturally occurring isotopes or 239/240Pu 
daughter products 
 
 No other major alpha energies present in 
spectrum, concluding that alpha activity 
measured by LSC is due to 239/240Pu isotopes 
